For efficient aminoacylation, tRNAs carry the conserved 3′-terminal sequence C-C-A, which is synthesized by highly specific tRNA nucleotidyltransferases (CCA-adding enzymes). In several prokaryotes, this function is accomplished by separate enzymes for CCand A-addition. As A-adding enzymes carry an N-terminal catalytic core identical to that of CCA-adding enzymes, it is unclear why their activity is restricted. Here, it is shown that C-terminal deletion variants of A-adding enzymes acquire full and precise CCA-incorporating activity. The deleted region seems to be responsible for tRNA primer selection, restricting the enzyme's specificity to tRNAs ending with CC. The data suggest that A-adding enzymes carry an intrinsic CCA-adding activity that can be reactivated by the introduction of deletions in the C-terminal domain. Furthermore, a unique subtype of CCA-adding enzymes could be identified that evolved out of A-adding enzymes, suggesting that mutations and deletions in nucleotidyltransferases can lead to altered and even more complex activities, as a simple A-incorporation is converted into sequence-specific addition of C and A residues. Such activity-modifying events may have had an important role in the evolution of tRNA nucleotidyltransferases.
T he tRNA nucleotidyltransferases are specialized polymerases that add the sequence CCA to the 3′-end of tRNAs, corresponding to positions 74-76 (numbering according to ref. 1). These enzymes do not depend on a nucleic acid template, yet they synthesize the sequence at high accuracy. To achieve this fidelity, CCA-adding enzymes use two different strategies dividing them into two separate groups (2) (3) (4) . In Archaea, the enzymes (categorized as class I) use a combination of amino acid residues in the nucleotide binding pocket and phosphate groups of the bound tRNA primer to form specific hydrogen bonds to the base moiety of the incoming NTP (5) (6) (7) (8) (9) . Eukaryotic and bacterial enzymes (class II) form an amino acid-based template that specifically interacts with CTP and ATP, without any involvement of the tRNA primer backbone. To discriminate between the nucleotides, the templating amino acids are pushed into different rotameric orientations in the binding pocket, leading to mutually exclusive recognition of either CTP or ATP (10) .
Whereas such CCA-adding enzymes are found in most organisms, several bacteria like Aquifex aeolicus, Synechocystis species, Deinococcus radiodurans, Bacillus halodurans, Geobacter sulfurreducens, and Thermus thermophilus carry two closely related class II enzymes with partial activities (11) (12) (13) (14) (15) . Here, one enzyme adds two C residues to the tRNA (CC-adding enzyme), and the second nucleotidyltransferase incorporates the terminal A (A-adding enzyme). In the N-terminally located catalytic core, both types of enzymes share conserved motifs with CCA-adding enzymes (10) . Motifs A and B are involved in metal ion binding and ribose recognition, respectively. Motif D carries the amino acid template consisting of three conserved residues (EDxxR), forming hydrogen bonds with CTP and ATP. The domain-connecting motif C as well as motif E, involved in interactions with the tRNA 3′-end, are also present. A typical feature has been identified only for CC-adding enzymes (13) . These proteins have lost a flexible loop region-located between motifs A and B-that functions in CCA-adding enzymes as a lever to switch the specificity of the amino acid template from CTP toward ATP (16, 17) . Furthermore, a pair of basic and acidic residues located immediately upstream of the loop, is also deleted. This basic/acidic (B/A) element positions the tRNA C 74 C 75 -end for addition of the terminal A (6, 13) . Hence, this deletion represents the molecular basis of why these enzymes incorporate only C residues but cannot add the complete CCA end. A-adding enzymes, on the other hand, carry the full set of catalytic core motifs as well as flexible loop and B/A motif (Fig. 1) . Thus, it is not understood why these enzymes fail to synthesize a complete CCA end.
In contrast to the N terminus, the C terminus shows no sequence conservation, although it seems to be involved in RNA substrate selection (6, (18) (19) (20) . Here, it is shown that this region contributes to the catalytic restriction of A-adding enzymes. Cterminal deletion variants as well as chimeras consisting of the N-terminal catalytic core of an A-adding enzyme and the C-terminal region of a CC-adding enzyme exhibit a highly accurate CCAadding activity. Phylogenetic data indicate that similar conversions of A-adding enzymes into CCA-adding enzymes occurred in evolution, leading to a unique subclass IIa of CCA-adding enzymes that are more related to A-adding enzymes than to their conventional class II counterparts. It seems that nucleotidyltransferases have a surprising catalytic flexibility responsible for frequent interconversion of enzymatic activities.
Results

C-terminal Deletions and Replacements Convert A-Adding Enzymes
into CCA-Adding Enzymes. To explore which elements lead to the restricted nucleotide incorporation of A-adding enzymes, CCand A-adding enzymes of D. radiodurans (15) were investigated in vitro. As the N-terminal part of the A-adding enzyme carries the full set of catalytic core motifs for CCA-addition, the C terminus was replaced with the corresponding part of the CC-adding enzyme, resulting in chimera A/CC1 ( Fig. 2A) . This construct carries an N terminus of the A-adding enzyme ending with the last position of motif E (positions 1-213) and a C terminus of the CCadding enzyme (residues 182-434). In a second chimera A/CC2, the fusion position was shifted for 74 residues downstream, leading to an extended N terminus (positions 1-287) and an accordingly reduced C terminus (positions 262-434). As no crystal structures for Deinococcus enzymes are available, the fusion positions were chosen based on boundaries of predicted α-helical elements, using the PSIPRED algorithm (21, 22) .
Recombinant proteins were incubated in the presence of NTPs and a radioactively labeled tRNA transcript lacking the CCA terminus (tRNA 73 ). Reaction products were separated on a denaturing polyacrylamide gel and visualized by autoradiography (Fig. 2B) . While exhibiting an A-adding activity comparable to that of the parental enzyme (Fig. S1 ), both chimeras also catalyze the addition of two C residues. Other nucleotides were not accepted, indicating that the acquired activity is not the result of a general loss of specificity. Furthermore, in the presence of all four NTPs, the addition of three residues could be observed. To identify the nature of the incorporated nucleotides, reaction products of A/CC1 were isolated and sequenced, showing a highly accurate CCA-synthesis (Table S1 ). Hence, the replacement of the C-terminal part of the A-adding enzyme led to an additional CC-incorporating activity in the chimera, similar to the specific incorporation of CTP and ATP observed for bona fide CCA-adding enzymes.
To investigate whether the removal of the original C terminus or the presence of the corresponding part of a CC-adding enzyme is responsible for C-incorporation, a deletion variant D. rad A-Δ287, representing residues 1-287 of the A-adding enzyme, was constructed ( Fig. 2A) . Again, this truncated enzyme showed efficient incorporation of two C residues as well as accurate CCA-addition (Table S1 ), whereas UTP and GTP were not incorporated (Fig. 2B ). These data indicate that the activity of the chimeras is not an effect of the presence of a C-terminal region derived from a CC-adding enzyme. Instead, the N-terminal part of the A-adding enzyme, carrying the catalytic cleft and the tRNA 3′-end binding region, is able to synthesize a complete CCA end. A similar construct from the A-adding enzyme of B. halodurans (11) was generated, consisting of residues 1-302 (B. hal A-Δ302) ( Fig. 2A) . According to structure predictions, position 302 corresponds to the deletion site in the D. radiodurans A-adding enzyme. This variant also exhibited CCA-adding activity (Fig. 2B ).
Whereas GTP was not accepted, the enzyme showed some misincorporation of a single U residue, in contrast to the full-length enzyme. Nevertheless, in the presence of all four NTPs, only C and A residues were incorporated in a sequence-specific way (Table S1 ). These results are in line with the CCA-addition catalyzed by D. rad A-Δ287, indicating that the catalytic cores of other A-adding enzymes also have an intrinsic but inhibited CCAadding activity.
Full-Length Enzymes and Deletion Variants: Differences in Activity, Differences in Substrate Recognition. According to Shi et al., class II nucleotidyltransferases show a weak interaction with tRNA substrates, making it impossible to determine binding constants (23) . This fact is in agreement with our findings that no measurable primer binding of full-length enzymes or deletion variants could be detected. The tRNA primer seems to be predominantly bound at its 3′-end by interactions with motif E and the B/A element of the enzyme (6). The C-terminal part, in contrast, is neither involved in catalysis nor does it carry an RNA binding domain. Therefore, the acquired CCA-adding activity of our constructs could be indirect and due to the removal of an inhibitory domain. Thus, we evaluated whether the C terminus is responsible for a selective recognition of tRNA substrates. In a competition study, the full-length as well as the A-Δ287 form of the D. radiodurans A-adding enzyme were incubated with labeled tRNA-C 74 C 75 as a substrate for A-incorporation. For robust and reliable results, nonsaturating conditions were used. Hence, the starting substrate is still visible in the control assays. In the other reactions, increasing amounts of unlabeled tRNA 73 were added as a competitor Carboxylates involved in metal ion binding are labeled by red dots. Both CCA-and A-adding enzymes carry the full set of conserved motifs A to E as well as the B/A element and the flexible loop. Hence, the composition of the catalytic core cannot be used to distinguish A-from CCA-adding enzymes, and the molecular basis for the restricted activity of Aadding enzymes must be located outside of these elements. B.st., Bacillus stearothermophilus; E.c., Escherichia coli; H.s., Homo sapiens; B.su., Bacillus subtilis; B.h., Bacillus halodurans; A.ae., Aquifex aeolicus; D.r., Deinococcus radiodurans; Syn., Synechocystis species; T.th., Thermus thermophilus. . In chimera A/CC1, the A-adding enzyme part ends at position 213, immediately downstream of motif E. The fused C terminus contains residues 182-434 of the CC-adding enzyme. In chimera A/CC2, the fusion position was shifted for 74 residues to the C terminus. Deletion variant D. rad A-Δ287 corresponds to the N-terminal part of chimera A/CC2. Deletion variant B. hal A-Δ302 represents the analogous N terminus of the B. halodurans A-adding enzyme. (B) Nucleotide incorporation activities of chimeras and deletion variants. In the presence of all four NTPs, each variant incorporated three nucleotides, representing complete CCA ends. When individual nucleotides were offered, only CTP residues were efficiently incorporated. B. hal A-Δ302, however, showed also some incorporation of individual U or A residues, respectively. Mock, incubation of tRNA substrate without enzyme; control, reaction catalyzed by E. coli CCA-adding enzyme. (Fig. 3) . Reaction products were separated on a denaturing polyacrylamide gel and the radioactive signals were visualized. The efficiency of the A-addition to tRNA-C 74 C 75 by the WT A-adding enzyme was not affected, regardless how much competitor was added (Fig. 3A, Left) . This observation is consistent with the enzyme's substrate requirement for tRNA with two terminal C residues. In contrast, A-addition catalyzed by D. rad A-Δ287 was strongly inhibited by increasing amounts of tRNA 73 (Fig. 3A,  Right) . In a quantitative analysis, intensities of radioactive signals were determined using a phosphor imager software (ImageQuant) (Fig. 3B) . Reaction products without competitor were set to 100% and relative efficiencies of A-addition in the presence of increasing amounts of competitor were calculated. Whereas the A-Δ287 variant shows a strong reduction down to 30% at 20-fold excess of the competitor, the WT A-adding enzyme remains almost unaffected. Here, the highest competitor concentration led only to a slight reduction of about 80% of the reaction (because of the limited solubility of tRNA, it was not possible to use higher concentrations). The presented data (Fig. 3B ) allow deducing apparent IC 50 values to quantify the binding behavior of these enzymes. For the truncated enzyme, tRNA 73 has an IC 50 value of about 1.25 μM. For the full-length enzyme, an IC 50 could only be extrapolated. This calculation results in an apparent IC 50 of 21.34 μM, indicating that the WT enzyme recognizes the competitor tRNA 73 with a 17-fold reduced affinity compared to the deletion variant. Thus, the truncated enzyme was capable of interacting with both tRNA-C 74 C 75 as well as tRNA 73 , whereas the full-length enzyme showed an efficient interaction only with tRNA-C 74 C 75 .
As only ATP was offered, one can exclude that C-incorporation occurred as a competing reaction in the case of the deletion variant, which would also lead to product reduction. Hence, the observed inhibition is not an effect on catalysis, but is solely based on tRNA recognition.
A Small C-terminal Extension Shifts the Activity from CCA-Back to AIncorporation. Obviously, the C-terminal part that was deleted in D. rad A-Δ287 is responsible for the restricted A-incorporating activity of the WT enzyme. To identify elements involved in this restriction, the deletion site was shifted 33 residues downstream (Fig. 4A) , as structure prediction programs indicated α-helical elements ending at this position. Hence, such deletion positions are likely not to interfere with correct protein folding, leading to the production of a soluble and active protein. Surprisingly, this new variant A-Δ320 showed the same activities as the fulllength WT enzyme. On a radioactively labeled tRNA 73 , no nucleotide incorporation was observed, whereas a CC-adding enzyme as a positive control added two C residues (Fig. 4B, Top) .
The unlabeled second tRNA substrate ending with C 74 C 75 , however, was accepted by A-Δ320 as well as the WT A-adding enzyme (Fig. 4B, Bottom) . Radioactively labeled ATP was incorporated, leading to a detectable signal for a single nucleotide addition. Similar results were obtained with the B. halodurans A-adding enzyme. Whereas the B. hal A-Δ302 deletion construct incorporated complete CCA-termini (Fig. 2B) , a C-terminal elongation (B. hal A-Δ363) showed restricted A-adding activity (Fig. S2) . These results indicate that a small region in the C terminus of A-adding enzymes (33 residues in the case of D. radiodurans, 61 in B. halodurans) is responsible for the limited nucleotide incorporation.
Some A-Adding Enzymes have a Weak Intrinsic C-Adding Activity. The finding that the catalytic cores of two A-adding enzymes are able . Both enzymes carry the complete set of motifs of the N-terminal catalytic core (orange boxes). The C terminus of A-Δ320 is 33 residues longer than that of A-Δ287. (B) This extension has a dramatic effect on the catalytic activity of the enzyme. The A-Δ320 variant is no longer able to add C residues to tRNA 73 (Top, showing C-addition on a labeled tRNA primer), but readily incorporates the terminal A in tRNA-C 74 C 75 . (Bottom; here, labeled A is added to an unlabeled tRNA). This activity is indistinguishable from that of the WT A-adding enzyme. The CC-adding enzyme was used as a control for C-incorporation. The radioactive label is represented by a red asterisk.
to synthesize complete CCA ends led us to speculate that some of the WT A-adding enzymes might express a weak intrinsic CCA-adding activity as well. To test this possibility, several enzymes were evaluated in an assay with increased sensitivity, using both 32 P-labeled tRNA 73 as well as α-32 P-CTP (in addition to unlabeled NTPs). Whereas the B. halodurans and A. aeolicus enzymes could not add C residues to the tRNA substrate, enzymes of D. radiodurans and T. thermophilus showed a weak but detectable C incorporation (Fig. 5A ). This activity was further corroborated by sequence analysis of the reaction product of the Deinococcus enzyme, where the addition of C residues could be detected. The data suggest that A-adding enzymes are much closer relatives of bona fide CCA-adding enzymes than previously thought. Such a close relation is supported by the observation that the tRNA nucleotidyltransferase of Thermotoga maritima is a true CCA-adding enzyme (Fig. 5A ) even though it contains sequence motifs typical for A-adding enzymes (14, 17, 24) . As these facts are not in agreement with the hitherto discussed evolutionary distribution of class II tRNA nucleotidyltransferases (3, 13, 15), a rooted phylogenetic tree was calculated, containing further putative CCA-adding enzymes of the phylum Thermotogae, in addition to experimentally verified bacterial tRNA nucleotidyltransferases (Fig. 5B) . Although the tree supports the close evolutionary relation of CCA-and CC-adding enzymes, the Thermotogae CCA-adding enzymes are more closely related to A-adding enzymes than to conventional class II CCA-adding enzymes. Furthermore, a screen of 1,590 bacterial genomes revealed that an increasing number of other phyla like Proteobacteria, Acidobacteria, Firmicutes, and Deferribacteres also express CCA-adding enzymes that apparently originate from A-adding enzymes (Table S2) . Hence, class II tRNA nucleotidyltransferases are evolutionary more heterogeneous than previously assumed and can be subdivided into an additional subclass IIa of CCA-adding enzymes (Fig. 5B ).
Discussion
The fact that A-adding enzyme variants with C-terminal deletions or replacements catalyze CCA-addition suggests that the native C terminus has an inhibiting effect on the WT enzyme's range of nucleotide incorporation. As this region is not part of the catalytic cleft, the active site cannot be directly affected. Furthermore, the C-terminal region does not carry an RNA binding motif and shows no sequence conservation (2, 18) , which is in agreement with a low substrate binding affinity, as no k D values could be determined (23) . Rather, the conservation of the C terminus seems to be a structural one, as this part forms body and tail domains of the seahorse-like enzyme shape (6, 10, 25, 26) . Nevertheless, our competition study indicates that the C terminus is involved in discriminating among tRNA substrates based on the presence of positions C 74 C 75 . This idea is strongly supported by the cocrystal structure of the related A-adding enzyme of A. aeolicus with a tRNA-C 74 C 75 substrate (6) (Fig. 6A, Left) . The catalytic core in the neck domain directly interacts with the incoming 3′-terminal positions 73-75 of the tRNA primer. A 73 and C 74 are recognized by two amino acid residues of motif E, whereas R191 interacts with the phosphate group of C 74 and N194 binds to the ribose O2′ position of A 73 (6). C 75 is recognized by R79, being part of the B/A motif (6, 13) . In the C-terminal region, positions S281, S284, R287, and H321 are in close contact to the tRNA acceptor stem. However, as these positions are not conserved, this contact does not represent a specific tRNA interaction. This observation is supported by our analysis of a quadruple mutant, where these residues were replaced by alanine. This variant showed an activity identical to that of the WT A-adding enzyme, without any detectable C-addition. Thus, the contribution of the C terminus to the nucleotide addition is not mediated via specific binding of the tRNA acceptor stem. Instead, it seems to form a physical constraint that holds the tRNA acceptor stem rigidly in place and does not allow any movement of the tRNA (and the 3′-end in the catalytic core) relative to the enzyme (Fig. 6B, Left) .
When a deletion equivalent to D. rad A-Δ287 and B. hal A-Δ302 (showing complete CCA-addition) is superimposed on the structure of the A. aeolicus A-adding enzyme, it becomes apparent that these C-terminal barrier elements are no longer present, halodurans and A. aeolicus do not add any nucleotide to the tRNA, the enzymes of D. radiodurans and T. thermophilus incorporate three residues, leading to a weak but detectable reaction product. Sequence analysis of the product labeled with an asterisk showed that the D. rad Aadding enzyme indeed incorporated C residues into the tRNA primer, demonstrating that some A-adding enzymes have a weak intrinsic C-adding activity. (B) Phylogenetic tree of class II CCA-, CC-, and A-adding enzymes. The CCAadding enzyme of H. sapiens was used as an outgroup. Green boxes represent CCA-adding enzymes, blue boxes CC-adding enzymes, and the red box indicates A-adding enzymes. CC-adding enzymes descend from CCA-adding enzymes and group together in an individual branch. A-adding enzymes form an independent branch, indicating an early separation from CC-and CCA-adding enzymes. As only a single tRNA nucleotidyltransferase is encoded in Thermotogae genomes, it is highly likely that these proteins represent CCA-adding enzymes, as it was shown for T. maritima. The Thermotogae enzymes are not grouping together with other CCA-adding enzymes, but form a separate branch that evolved out of A-adding enzymes, leading to a subclass IIa of CCA-adding enzymes. This observation is supported by the fact that some A-adding enzymes have an intrinsic C-incorporating activity and might rather easily evolve into CCA-adding enzymes (question mark). With the exception of the Thermotogae branch, all proteins represent experimentally verified enzymes. FN, Fervidobacterium nodosum; TA, Thermosipho africanus; TME, Thermosipho melanesiensis; TM, Thermotoga maritima; TL, Thermotoga lettingae; KO, Kosmotoga olearia; AAE, Aquifex aeolicus; SSPEC, Synechocystis spec; BH, Bacillus halodurans; DR, Deinococcus radiodurans; TTH, Thermus thermophilus; WIGGL, Wigglesworthia glossinidia; EC, Escherichia coli; BST, Bacillus stearothermophilus; BSU, Bacillus subtilis; HS, Homo sapiens.
giving the tRNA more room to adopt alternative orientations (Fig. 6A, Right) . In the elongated variants D. rad A-Δ320 and B. hal A-Δ363, this region (and the physical constraint) is restored (Fig. S2A) . Consequently, these enzymes retained the A-adding activity of the full-length enzyme and lost the ability to incorporate C 74 and C 75 . As the competition experiments indicate that tRNA 73 is not recognized by the full-length enzymes, it seems that the 3′-end without C 74 C 75 is too short to reach the catalytic core when the C-terminal barrier is present and prevents the tRNA from proper accommodation. In the truncated forms, however, tRNA 73 gains some flexibility to advance with its 3′-end into the catalytic core. This wiggle room seems to allow the tRNA primer to adopt a different geometry compatible with CCA-addition (Fig. 6B, Right) . Furthermore, cocrystal structures show that CCA-and A-adding enzymes share an identical amino acid template and interact with incoming nucleotides in identical ways (6, 10, 26) . Hence, the active site of A-adding enzymes is in principle fully equipped for CTP recognition.
The wiggling of the tRNA primer might also account for the observed misincorporation of U residues by the B. hal A-Δ302 version. Obviously, the changed geometry of the bound acceptor stem in the catalytic core reduces the fidelity of nucleotide addition. In the presence of all four nucleotides, misincorporation is abolished, as the correctly added positions lead to a proper orientation of the primer 3′-end. This scenario applies also to a backup mechanism described for class II nucleotidyltransferases, as enzyme variants with a mutated nucleotide binding pocket still show accurate addition of CCA ends (27) .
The decreased catalytic efficiency of some of the deletion variants may be a further consequence of the absence of the C-terminal barrier, as the wiggling of the tRNA probably also leads to temporary primer orientations incompatible with nucleotide addition. Moreover, we do not expect an enzyme variant missing 23% of its sequence to exhibit a reaction rate comparable to that of the WT enzyme. Rather, and more important, the deletion of the C-terminal part leads to a loss of specificity in terms of tRNA substrates, but to a surprising increase in the complexity of the reaction, allowing the incorporation of two different nucleotides in a sequence-specific order.
However, as some of the WT A-adding enzymes show a weak intrinsic CCA-adding activity, it seems that the C-terminal region does not have an absolute discriminative power to reject tRNA substrates without C 74 C 75 . As this enzyme region is not conserved at the sequence level (2, 18) , it is conceivable that the C-termini of individual A-adding enzymes differ in the efficiency of the constraint.
Furthermore, one can speculate whether it is possible that in these A-adding enzymes, the unoccupied binding pocket for the C 74 C 75 positions of the primer 3′-end can also function as an alternative templating region for nucleotide addition, if the protein interacts with a tRNA 73 substrate. The primer CC-binding site would interact with CTP and dictate a CC-addition on such a tRNA substrate, before the regular NTP binding site would mediate the conventional terminal A-addition. To clarify such a possible contribution of the primer binding site and the question whether this element has a fixed orientation-as one would expect for a tRNA-C 74 C 75 substrate determinant-or is reorganized after each nucleotide addition, further cocrystal structures of Aadding enzymes with different tRNA substrates are required.
With respect to evolution, the C-terminal part of class II nucleotidyltransferases is a highly fascinating but poorly understood element. Besides affecting the catalytic activity of A-adding enzymes, it is also an activity determinant in CCA-adding enzymes and poly(A) polymerases. It was shown that the C-terminal part of the Escherichia coli CCA-adding enzyme reprograms the Nterminal catalytic core of a poly(A) polymerase, leading to the synthesis of CCA ends (19) . Furthermore, a reciprocal chimera consisting of the catalytic core of the CCA-adding enzyme and the C terminus of the poly(A) polymerase added poly(CCA) tails to tRNAs. Hence, it seems that class II nucleotidyltransferases use the C-terminal domain to modulate substrate interaction and polymerization reaction in terms of specificity and processivity. This idea is in agreement with the fact that the subclass IIa of CCA-adding enzymes is more closely related to A-adding enzymes than to the canonical class II CCA-adding enzymes (Fig. 5) . These proteins carry active site motifs and a flexible loop identical to that of A-adding enzymes (6, 24) . The sequence of the C-terminal region, however, is very different. It is likely that replacements similar to the experimental ones led to the appearance of this additional group of CCA-adding enzymes.
In conclusion, it seems that the low conservation of this enzyme region reflects an evolutionary strategy to change the specific activity by an increasing diversification of RNA recognition properties. Additional structural data are required to shed more light into this fascinating evolutionary mode to generate different polymerization specificities.
Materials and Methods
Construction of Recombinant Clones. Nucleotidyltransferase genes of D. radiodurans, B. halodurans, T. Thermophilus, A. aeolicus (short version), and T. maritima (short version) were amplified and cloned into pET-30 Ek/LIC (Novagen) or pTrcHis vectors (Invitrogen) (13, 14, 26) . Enzyme chimeras were constructed according to Betat et al. (19) . Point mutations and stop codons (TAA; for enzyme deletion variants) were introduced into the coding sequence of the wild-type gene using the QuickChange Site-Directed Mutagenesis Kit (Stratagene).
Protein Expression and Purification. Enzymes were overexpressed with an N-terminal His-tag in E. coli JM109 (DE3) cca:cam or E. coli CA244 cca:cam, lacking an endogenous CCA-adding enzyme. Transformed cells were grown in 200-500 mL LB at 37°C with 34 μg∕mL chloramphenicol and either 30 μg∕mL kanamycin or 100 μg∕mL ampicillin. Expression was induced at OD 600 of 0.6 by the addition of IPTG to a final concentration of 1 mM for 3-5 h at 37°C or overnight at room temperature. Purification of the recombinant enzymes was done according to Lizano et al. (28) .
Preparation of tRNA Substrates. Yeast tRNA Phe lacking the CCA terminus (tRNA 73 ) or ending with a partial CCA end (tRNA-C 74 C 75 ) were prepared as described in refs. 29 and 30. For internally labeled tRNA, transcription was carried out in the presence of α-32 P-ATP.
Enzyme Activity Assays. Standard activity assays were carried out according to Neuenfeldt et al. (13) .
For the competition study, nonsaturating incubation times and enzyme concentrations were determined (30 mM Hepes/KOH pH 7.6, 6 mM MgCl 2 , 30 mM KCl, and 200 μM DTT for 15-120 min with 10-200 ng enzyme). Incorporation of ATP was monitored using 5 pmol radioactively labeled tRNA-C 74 C 75 in the presence of ATP (1 mM) under increasing amounts of competitor tRNA (5-100 pmol).
Sequence Analysis of Reaction Products. The 3′-ends of isolated reaction products were analyzed as described in ref. 19 .
Computational and Phylogenetic Analysis. BLAST analyses were carried out using NCBI genomic BLAST (31) . Protein sequences starting with motif A were aligned using Clustal X (32). Phylogenetic and evolutionary analyses were conducted using the PHYLIP 3.69 package (33) and MEGA 4.0 (34).
